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ABSTMCT 
Oxygen s i g n a l  and recombinaLion e l e c t r o d e s  were developed t o  pro- 
v i d e  r e l i a b l e  charge c o n t r o l  f o r  spacec ra f t  nickel-cadmium ce l l s  oper- 
a b l e  over a -20°C t o  +4O"C temperature range i n  near-ear th  o r b i t s  t o  
cyc le  depths of 75%. 
The s i g n a l  e l e c t r o d e  v o l t a g e  output  was e s s e n t i a l l y  proport ional  
t o  oxygen p res su re  i n  t h e  range of 5 t o  30 PSIA. Performance w a s  con- 
s t a n t  during the  t es t  program. 
The r a t e  of oxygen recombination provided by t h e  recombination 
e l e c t r o d e  was g r e a t e r  than r equ i r ed  t o  reduce p res su re  between charge 
cycles., The e l e c t r o d e  i s  a l s o  a c t i v e  i n  recombining any hydrogen 
formed i n  t h e  ce l l ,  U t i l i z i n g  these  f e a t u r e s  i t  w a s  p o s s i b l e  t o  oper- 
a t e  ce l l s  with t h e  nega t ive  e l e c t r o d e s  nea r ly  f u l l y  charged. The 
cyc le  c a p a b i l i t y  of t h e s e  c e l l s  was g r e a t e r  by a f a c t o r  of more than 
10 a t  40°C t o  50% DOD and more than 8 a t  25°C t o  75% DOD. The ce l l s  
were s t i l l  cycl ing a t  t h e  conclusion of t h e  c o n t r a c t  so t h a t  t he  
f u l l  c a p a b i l i t y  w a s  n o t  obtained.  It was a l s o  poss ib l e  t o  a l t e r  t h e  
cyc le  regime of c e l l s  without a recondi t ioning procedure, i n d i c a t i n g  
t h a t  t h e  "memory e f f e c t "  has been g r e a t l y  reduced, 
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1.1 Background and Object ive 
The ampere-hour u t i l i z a t i o n  of conventional spacec ra f t  n i cke l -  
cadmium cel ls ,  e s p e c i a l l y  i n  sho r t ,  nea r -ea r th  o r b i t s  i s  low, 
. *. 
due i n  p a r t  t o  t h e  i n a b i l i t y  t o  s a f e l y  recharge t h e s e  c e l l s  a t  
high rates. High rate charging may be s a f e l y  used, however, i f  
adequate c o n t r o l  of t h e  charge can be provided. This charge 
c o n t r o l  must permit adequate recharge of t h e  c e l l ,  bu t  care- 
f u l l y  l i m i t  t h e  overcharge i n  order  t o  prevent excessive p re s s -  
u r e  b u i l d  up and h e a t  generat ion.  Various a u x i l i a r y  e l e c t r o d e s  
capable of d e t e c t i n g  t h e  oxygen generated a t  t h e  end of t h e  
charge per iod have been developed and incorporated i n t o  
sea l ed  nickel-cadmium c e l l s  t o  provide t h i s  c o n t r o l  funct ion.  
The oxygen f u e l  c e l l  [recombination) e l e c t r o d e  i s ' c a p a b l e  of niain- 
t a i n i n g  l o w  c e l l  p re s su res  under cond i t ions  of high rate charging. 
When used as a charge c o n t r o l  e l ec t rode ,  however, i t s  extreme 
s e n s i t i v i t y  t o  oxygen r e s u l t s  i n  e s s e n t i a l l y  "on-off" c o n t r o l .  
The s i g n a l  from such a n  e l e c t r o d e  s a t u r a t e s  whenever a s m a l l  a- 
mount of oxygen i s  generated i n  t h e  ce l l ,  causing t h e  charge t o  be  
terminated prematurely.  
t r i c k l e  charge modes must then be employed t o  i n s u r e  f u l l  charge. 
Complicated t i m e  delay c i r c u i t r y  and/or 
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Elec t rodes  with output  vo l t ages  which are p ropor t iona l  t o  oxygen 
p res su re  (oxygen sensing)  have a l s o  been developed. These are 
good f o r  c o n t r o l  purposes s i n c e  t h e  p re s su re  corresponding t o  
a given amount of overcharge can be determined and t h e  charging 
c u t  o f f  by a s i g n a l  from t h e  a u x i l i a r y  e l ec t rode .  This app- 
roach has  been somewhat u n a t t r a c t i v e  f o r  s h o r t  o r b i t s ,  however, 
s i n c e  the  decay of t h e  oxygen pressure,  and hence the  s i g n a l ,  
i s  slow. 
of t h e  charge i s  very near t h e  cu t -o f f  value.  
A s  a consequence, t h e  s i g n a l  vo l t age  a t  t h e  beginning 
A system designed t o  e l imina te  the  weaknesses of t hese  i n d i v i -  
dua l  e l e c t r o d e s  would combine t h e  b e s t  f e a t u r e s  of both i n  a 
s i n g l e  c e l l .  The o b j e c t i v e  of t h i s  program, then, i s  t o  pro- 
duce aerospace ce l l s  which con ta in  e l e c t r o d e s  of both types.  
The oxygen sensing e l e c t r o d e  i s  used as the  charge c o n t r o l  e l ec -  
t r o d e  because of i t s  near  l i n e a r  response t o  oxygen pressure., 
recombination e l e c t r o d e  i s  employed t o  maintain t h e  c e l l  p re s su re  
w i t h i n  s a f e  l i m i t s  and a l s o  t o  r e t u r n  t h e  p re s su re  t o  a low l e v e l  
during open c i r c u i t  and discharge per iods.  This i s  e s p e c i a l l y  
advantageous during s h o r t  o r b i t s ,  as i t  i n s u r e s  t h a t  t h e  subse- 
quent charge w i l l  no t  be terminated by a premature s i g n a l  from t h e  
c o n t r o l  e l e c t r o d e  on account of r e s i d u a l  oxygen p res su re .  
The 
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To provide program v i s i b i l i t y  f o r  r e p o r t i n g  and monitoring pur- 
poses, and t o  schedule, t h e  program w a s  broken down i n t o  f i v e  
tasks ,  as follows: 
1.2 Task I - Oxygen Sensing E lec t rode  
The o b j e c t i v e  of t h i s  t a s k  w a s  t o  develop an oxygen sensing 
e l e c t r o d e  t h a t  w i l l  g i v e  a l i n e a r  (o r  a reasonably c l o s e  t o  
l i n e a r )  response t o  oxygen p a r t i a l  p re s su re  i n  t h e  range 5 t o  
30 PSIA. The appraoch t e s t e d  and found s a t i s f a c t o r y  was t h e  use  
of  an e l ec tode  i n  which oxygen r e a c t i o n  r a t e  i s  under d i f f u s i o n  con t ro l .  
Several  materials were found s a t i s f a c t o r y ;  t h e  material  of choice 
i s  a s i n t e r e d  n i c k e l  s u b s t r a t e  covered wi th  0.001" Teflon f i l m  
serving as t h e  d i f f u s i o n  b a r r i e r .  This e l e c t r o d e  shows good 
l i n e a r i t y  over t h e  d e s i r e d  p res su re  range, i s  mechanically 
rugged, and has  very r ap id  response t o  changes i n  oxygen p res s -  
ure .  The optimum l o c a t i o n  f o r  t h i s  e l e c t r o d e  w i t h i n  t h e  c e l l  w a s  
found t o  be on one broad f a c e  of  t he  pack.. 
1.3 Task I1 - Oxygen Recombination Electrode 
The o b j e c t i v e  of t h i s  t a s k  w a s  t o  develop an oxygen recombination 
e l e c t r o d e  capable of recombining t h e  oxygen generated by the  pos i -  
t i v e  p l a t e s  during charging. Th'is e l e c t r o d e  must be a b l e  t o  funct ion 
over t h e  temperature range of -20°C t o  +4O"C. 
t rodes  was based upon t h e i r  p o l a r i z a t i o n  behavior. 
Se l ec t ion  of  elec- 
3 
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During t h e  course of t h i s  i n v e s t i g a t i o n ,  a number of  e l e c t r o d e  
types were evaluated. These included e l e c t r o d e s  from t h e  Am- 
e r i c a n  Cyanamid Company, Teflon-bonded e l e c t r o d e s  from t h e  
General E l e c t r i c  Company Research and Development Center, and 
plaque based e l e c t r o d e s  f a b r i c a t e d  l o c a l l y .  The e l e c t r o d e  se- 
l e c t e d  w a s  a v e r s i o n  of  t he  plaque-based e l ec t rodes ,  and c o n s i s t s  
of a Platinum ca ta lysed  s i n t e r e d  n i c k e l  s t r u c t u r e  with a Teflon 
f i l m  on t h e  gas  face.  
The s t a b i l i t y  of e l e c t r o d e  performance over long per iods of 
t i m e  w a s  demonstrated. In  add i t ion ,  i t  w a s  demonstrated t h a t  
t h e  techniques used i n  preparing t h e s e  e l e c t r o d e s  are capable 
of producing e l e c t r o d e s  of c o n s i s t e n t  q u a l i t y .  
1.4 Task I11 - Negative P l a t e  Evaluation 
The use of c a r e f u l l y  s e l e c t e d  nega t ive  p l a t e s  minimizes changes 
i n  c e l l  c h a r a c t e r i s t i c s  during cycl ing.  The o b j e c t i v e  of t h i s  t a s k  
w a s ,  t he re fo re ,  t o  select  s u i t a b l e  l o t s  of nega t ive  p l a t e s  f o r  use 
i n  prototype and f i n a l  cells .  Three l o t s  of nega t ive  p l a t e s  were 
received from manufacturing and subjected t o  eva lua t ion .  The l o t  
with t h e  h ighes t  recombination a b i l i t y  and ampere hour s t a b i l i t y  
was r e t a i n e d  f o r  use i n  prototype and f i n a l  c e l l s .  
4 
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1.5 Task I V  - Prototype C e l l  Design 
The o b j e c t i v e  of  t h i s  t a s k  w a s  t o  b r ing  together  t h e  r e s u l t s  of 
t h e  previous t a s k s  and a r r i v e  a t  a f i n a l  c e l l  e l e c t r o d e  config- 
u ra t ion .  A design w a s  proposed, and one pre-prototype c e l l  was 
assembled t o  demonstrate t h e  f e a s i b i l i t y  of t he  design. The ce l l  
w a s  subjected t o  over 100 cyc le s  of  ope ra t ion  a t  rates co r re s -  
ponding t o  25%, 50%, and 75% depth-of-discharge over t h e  temper-  
a t u r e  range of -20'6 t o  +40"C.  
monstrated t h e  adequacy of t he  proposed design. 
The performance of t he  ce l l  de- 
1.6 Task V - Prototype C e l l  Tests 
The o b j e c t i v e  of t h i s  t a s k  w a s  t o  confirm the  r e s u l t s  obtained 
previously and t o  provide a b a s i s  f o r  designing t h e  f i n a l  c e l l s .  
o$YPe cel ls  were assembled according t o  the  design developed 
i n  Task IV and were subjected t o  cycl ing throughout t h e  tempera- 
t u r e  range of -20°C t o  +40°C. C e l l s  cycled a t  low temperatures 
and depths, i .e. ,  t o  50% DOD a t  -20°C and 25% DOD a t  both -20°C 
and 25"C, completed nea r ly  1000 cyc le s  of ope ra t ion  with no de- 
c l i n e  i n  t h e  performance of t h e  c e l l s  o r  t h e  a u x i l i a r y  e l ec t rodes .  
The i n i t i a l  c y c l e  tests involving g r e a t e r  depths-of-discharge and/or 
e l eva ted  temperatures, i .e. ,  t o  75% DOD a t  a l l  temperatures and t o  
50% DOD a t  40°C and 25"C, showed t h a t  t h e  cel ls  had a tendency t o  
l o s e  capac i ty  during cycl ing.  It w a s  possible ,  however, t o  
5 
g r e a t l y  reduce t h i s  tendency by proper processing of t h e  cel ls  
p r i o r  t o  cycl ing.  This processing has  made i t  p o s s i b l e  t o  in -  
c r e a s e  cyc le  c a p a b i l i t y  of ce l l s  cycled t o  50% DOD a t  40°C i n  
excess of 10 f o l d .  
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2.0 TECHNICAL DISCUSSION 
2.1 Task I - Oxygen Sensing E lec t rode  
2.1.1 Theore t i ca l  Approach 
Oxygen can be reduced a t  low, b u t  u se fu l ,  rates on a 
v a r i e t y  o f  m e t a l  su r f aces ,  such as n i cke l ,  platinum, 
gold,  and coba l t ,  wi thout  s u b s t a n t i a l  ox ida t ion  of 
t h e  metal. Because t h e  exchange c u r r e n t  f o r  oxygen 
r educ t ion  i s  very s m a l l ,  such e l e c t r o d e s  show a 
mixed p o t e n t i a l  response very much lower than t h e  
thermodynamic va lue  of 1.23 v o l t s .  Although these 
e l e c t r o d e s  are  u s e l e s s  f o r  power gene ra t ion  due t o  t h e i r  
low c u r r e n t  and vo l t age  c a p a b i l i t y ,  they can se rve  as 
t h e  b a s i s  of a simple oxygen p res su re  sensing system 
when operated i n  t h e  d i f fus ion - l imi t ed  region.  
The p r i n c i p l e  of d i f f u s i o n - l i m i t e d  ope ra t ion  i s  simple: 
The s u r f a c e  o f  t h e  e l e c t r o d e  i s  covered by a b a r r i e r  
through which oxygen i s  t r anspor t ed  by d i f f u s i o n .  The 
rate o f  oxygen d i f f u s i o n  i s  governed by t h e  area, th i ck -  
nes s  of  t h e  film, n a t u r e  o f  t h e  f i lm,  temperature, and p res s -  
u r e  d i f f e r e n t i a l :  
7 
r = k & 
O 2  d 
(P - Po> = moles of oxygen/sec. 
t a n t  f o r  t h e  rrier material 
A i s  t h e  a r e a  
d i s  t h e  thickness  of t h e  b a r r i e r  
P i s  t h e  p re s su re  of t h e  gas s i d e  of t he  b a r r i e r  
P i s  t h e  p re s su re  of t h e  e l e c t r o d e  s i d e  of t h e  b a r r i e r .  
0 
I f  t h e  e l e c t r o d e  i s  operated i n  t h e  l i m i t i n g  c u r r e n t  region, 
i .e.,  t h e  e l e c t r o d e  i s  d r iven  by an e x t e r n a l  power source 
a g a i n s t  a s u i t a b l e  coun te r - e l ec t rode  such t h a t  Po i s  reduced 
t o  a very l o w  value,  t h e  c u r r e n t  i s  l i n e a r  with p re s su re  P, 
and i s  given by an expression: 
A 
d i = nF r = k n F - P = KP = amperes O 2  C 
I n  a nickel-cadmium c e l l ,  t h e  e l e c t r o d e  cannot be r e a d i l y  
dr iven by an e x t e r n a l  power source, and so t h a t  vo l t age  re- 
quired t o  d r i v e  t h e  e l e c t r o d e m u s t  be obtained from t h e  
e l e c t r o d e  i t s e l f .  This i s  accomplished by coupling t h e  
e l ec t rode ,  through an e x t e r n a l  r e s i s t a n c e ,  t o  t h e  cadmium 
e l e c t r o d e .  
The gene ra l  equat ion f o r  t h e  v o l t a g e  of t h e  oxygen sensor - 
8 
Cd couple can be der ived by consider ing i t s  cur ren t ,  i n -  
t e r n a l  c e l l  r e s i s t ance ,  p o l a r i z a t i o n s  due t o  the  k i n e t i c s  
of oxygen reduction, and p o l a r i z a t i o n s  due t o  mass t r anspor t  
impedances. 
we have t h e  genera l  equat ion:  
For t h e  02-Cd couple vo l t age  a t  c u r r e n t  i, 
v = ix = E - RT In  i/io - RT 
nF nF 
In ic/(ic - i) - ie 
where V = 02-Cd couple vol tage  a t  cu r ren t  i 
X = e x t e r n a l  impedance 
x = i n t e r n a l  impedance 
E = 02-Cd vol tage  i n  absence of p o l a r i z a t i o n  o r  
cu r ren t  d r a i n  
i = c u r r e n t  
i = exchange cu r ren t  
ic = l imi t ing  cu r ren t  = KP 
R = gas constant ,  8.314 uat t -sec/mole - " K  
T = absolu te  temperature, " K  
n = number of e l ec t rodes  t r ans fe r r ed ,  4 equiv./mole 
F = Faraday 's  constant ,  96,484 amp-sec/equiv 
0 
The expression RT In i/i 
of t h e  r eac t ion  of oxygen a t  t h e  e l ec t rode .  
i s  very small, and high p o l a r i z a t i o n  occurs with l o w  c u r r e n t s  
i s  the  p o l a r i z a t i o n  due t o  slowness 
0 nF 
For  oxygen, io 
9 
The express ion  - RT I n  ic [ C i c  - i )  r e p r e s e n t s  t h e  po la r i za -  
t i o n  due t o  mass t r a n s p o r t  impedances. Both the  oxygen and 
nF 
cadmium e lec t rodes  c o n t r i b u t e  t o  t h i s  t e r m ,  and ic is t h e  
c u r r e n t  t h a t  could be obtained from the  c e l l  i f  t h e  e l e c t r i -  
c a l  impedances were made, zero. 
The e f f e c t  of changing t h e  e x t e r n a l  impedance i s  r e a d i l y  
p r e d i c t a b l e  from the  genera l  equat ion i n  a q u a l i t a t i v e  
manner. For low va lues  of t h e  impedance, t h e  vo l t age  i s  
c o n t r o l l e d  i n  l a r g e  p a r t  by the  logar i thmic  terms, and tends 
t o  be non- l inear  wi th  oxygen pressure .  
t he  impedance, t he  RT/nF 
t h e  RT/nF 
approximation wi th  i a cons tan t  f r a c t i o n  o f  i l i n e a r  with 
i e A t  l a r g e r  va lues  of the  impedance, t h e  vo l t age  becomes 
cons tan t  wi th  change i n  pressure ,  s i n c e  t h e  c e l l  vo l t age  
approaches E a s  i decreases  and t h e  cu r ren t  cannot exceed 
t h e  va lue  of E/X. 
mental ly  . 
A t  medium va lues  of  
In i/io t e r m  becomes s m a l l ,  and 
i n  ic/(i . -  i ) L - t e r m  gcavetnk. ‘This is ,  €or 8 f i r s t  
> C  
C’ 
C 
These p red ic t ions  a r e  borne ou t  exper i -  
Teflon f i l m  was s e l e c t e d  as the  d i f f u s i o n  b a r r i e r  because: 
10 
1. Teflon i s  non-wettable, and thus t h e  d i f f u s i o n  
I 
i 
d 
J 
h. 3 
b a r r i e r  w i l l  remain cons t an t  during operat ion s i n c e  
a f i l m  of e l e c t t o l y t e  cannot form on t h e  gas s i d e  
of t h e  b a r r i e r .  Films of e l e c t r o l y t e  are a'lso sub- 
s t a n t i a l  d i f f u s i o n  b a r r i e r s  and must be prevented 
from forming, o r  be made cons t an t  i n  value.  
2. Teflon has  a high d i f f u s i v i t y  constant  €or oxygen, 
and thus tlhicker f i lms  can be used f o r  a given 
t r a n s p o r t  value.  This c o n t r i b u t e s  t o  g r e a t e r  mech- 
a n i c a l  s t r e n g t h  and l e s sens  t h e  chance of d e l e t e r -  
ious pinholes.  
3 .  Teflon f i l m  i s  a v a i l a b l e  i n  a wide range of t h i ck -  
nesses  and widths,  which p e r m i t s  an opt imizat ion 
of f i lm  dimensions without procurement problems. 
2.1.2 Sensing Electrode Fabr i ca t ion  
The e l e c t r o d e s  a r e  f a b r i c a t e d  by p res s ing  t h e  s u b s t r a t e  
and f i l m  together  under c o n t r o l l e d  temperature and 
p res su re  f o r  45-60 minutes. In some cases ,  t i m e s  a s  
s h o r t  as 6-10 minutes can be used. T a b l e  I g ives  t h e  
d e t a i l s  of s u b s t r a t e s  t e s t e d ,  and p res s ing  cond i t ions ,  
For pressing,  a sandwich made of a Ferrotype d i sk ,  sub- 
s t r a t e  d i s c ,  Teflon fi lm, aluminum f o i l ,  and a second 
Ferrotype d i s c  was placed i n  a s t e e l  d i e  and pressed. 
The Ferrotype d i s c s  are used t o  p r o t e c t  t h e  d i e  su r face  
11 
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SUBSTRATE 
MATER I AL 
N i c k e l  S i n t e r  
1 1  
1 1  
N i c k e l  S c r e e n  
Go ld  Mesh 
? I  
? I  
P l a t i n u m -  c o a t e d  
T a n t a l u m  Mesh ( 3 )  
P l a t i n u m  C o a t e d  
T a n t a l u m  
S c r e e n  (4) 
1. 
2 .  
3. 
4 .  
TABLE I 
SENSING ELECTRODE MATERIALS 
FILM 
rHICKNESS 
( 1 , 2 )  
1 m i l  
0 . 5  m i l  
0 . 2 5  m i l  
1 m i l  
0 . 5  m i l  
0.25 m i l  
1 m i l  
0 . 5  m i l  
0 . 2 5  m i l  
1 m i l  
1 m i l  
NOTES TO TABLE I 
SUBSTRATE 
DESCRIPTION 
0 .020"  p o r o u s  n i c k e l  ( n o m i n a l )  
4-7 m i c r o n  p o r e s ,  80% t o t a l  p o r o s i t y .  
S u p p o r t :  Exmet 5 N i  10-1/0.  G e n e r a l  
E lec t r ic ,  G a i n e s v i l l e ,  F l o r i d a  
DO 
DO 
Exmet n i c k e l  mesh  5 N i  10-3/0.  
Exmet C o r p o r a t i o n ,  Tuckahoe ,  N .  Y .  
DO 
DO 
100 X 100 s c r e e n  0.003" p u r e  g o l d  
w i r e .  Cole  Roscoe  Mfg. C o . ,  
So. Norwa lk ,  Conn. 
DO 
DO 
0,010" expanded  t a n t u l u m  mesh 
one  f a c e  c o v e r e d  w i t h  0 . 0 0 0 2 5 ? 1 b r i g h t  
p l a t i n u m .  Anode s t o c k ,  M e t a l  and 
C o n t r o l s ,  I n c . ,  A t t l e b o r o ,  Mass. 
0 .010"  expanded  t a n t a l u m  mesh,  t w o  
f a c e s  w i t h  0 .00025" b r i g h t  p l a t i n u m .  
Anode s t o c k ,  M e t a l  and C o n t r o l s ,  I n c . ,  
A t t l e b o r o ,  Mass. 
F i l m s  w e r e  T e f l o n  s k i v e d  f i l m s ,  D i l e c t r i x  C o r p . ,  F a r m i n g d a l e ,  N.Y.  
F i l m s  were a p p l i e d  a s  f o l l o w s :  
1 2 , 0 0 0  PSI a t  672zF f o r  ca. 45 m i n .  
8,000 PSI a t  672 F f o r o c a .  6 0  m i n .  
1 m i l  
0 . 5  m i l  
0 . 2 5  m i l  6 , 0 0 0 - 8 , 0 0 0  PSI a t  672 F f o r  c a .  60 m i n .  
A l l  e l e c t r o d e s  a r e  a i r  c o o l e d  u n d e r  p r e s s u r e  t o  room t e m p e r a t u r e .  
Mesh a p p r o x i m a t e s  Exmet 3 /10  s t y l e .  No d e s i g n a t i o n  g i v e n  by m a n u f a c t u r e r .  
Mesh a p p r o x i m a t e s  Exmet 3 /10  s t y l e ,  b u t  is  r i b b e d  so t h a t  a d j a c e n t  s t r a n d s  
a r e  n o t  i n  same p l a n e .  
12 
from t h e  i r r e g u l a r  s u b s t r a t e ,  and were replaced as nec- 
e s s a r y  i n  order  t o  a s s u r e  a smooth ou te r  s u r f a c e  on t h e  
f i lm.  The aluminum f o i l  w a s  used t o  prevent t h e  Teflon 
from bonding t o  t h e  Ferrotype; i t  i s  removed by d i s s o l u -  
t i o n  i n  a 25% KOH so lu t ion .  
Af t e r  pressing,  t he  sandwich i s  removed from the d i e  and 
c a r e f u l l y  separated.  The e l e c t r o d e  is  quenched i n  w a r m  
a l k a l i  t o  remove t h e  aluminum f o i l ,  and a f t e r  being 
washed and d r i e d  i s  ready f o r  use.  
2.1.3 Screening T e s t s  
The r e s u l t s  of a study made of t h e  response of t he  
va r ious  e l e c t r o d e  materials l i s t e d  i n  Table I t o  
oxygen p res su re  a t  va r ious  temperatures and with var- 
ious  e x t e r n a l  load r e s i s t a n c e s  are  summarized i n  Table 11, 
The remarks are based on t h e  v i s u a l  a n a l y s i s  of t h e  curves 
of s i g n a l  c u r r e n t  (mill iamperes flowing between t h e  sen- 
s i n g  and cadmium e l e c t r o d e s )  v s ,  oxygen p res su re  (0 t o  30 
PSIA) a t  va r ious  temperatures and with va r ious  load re- 
s i s t a n c e s .  A c u r r e n t  w a s  always obtained a& zero oxygen 
pressure,  due probably t o  traces o f  oxygen adsorbed on the  
e l e c t r o d e  o r  dissolved i n  t h e  e l e c t r o l y t e .  
The tes t  data were obtained using dua l  c e l l s  containing 
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ELE 
NO 
:I) - 
1 
1 
2 
2 
3 
4 
4 
5 
5 
6 
7 
8 
8 
0 .86  
9 . 8  
0 .86  
9.8 
0 .86  
9 . 8  
9 . 2  
0.86 
0 .86  
9 . 8  
0 .86  
9 . 8  
0 .86  
9 . 8  
0 .86  
9 . 8  
TE: 
TEMP 
OC 
-10  
0 
1 0  
2 5  
35 
-10  
0 
1 0  
2 5  
3 5  
-10  
0 
10 
2 5  
35 
-10  
0 
1 0  
2 5  
35 
2 5  
2 5  
1 0  
2 5  
35 
2 5  
3 5  
-10 
0 
1 0  
2 5  
3 5  
-10  
0 
1 0  
2 5  
35 
2 5  
2 5  
2 5  
2 5  - 10 
0 
1 0  
2 5  
35 
-10 
0 
TABLE I1 
SUMMARY OF RESPONSE STUDIES 
ON SENSING ELECTRODES 
I
LOAD 
OHMS 
20-200 
do .  
d o .  
do .  
d o .  
10-200 
do .  
do .  
do .  
do. 
20-200 
do .  
d o .  
d o .  
do .  
10-200 
d o .  
do. 
d o .  
do. 
20-200 
10-200 
d o .  
d o .  
d o .  
20-200 
do.  
do.  
do. 
do .  
do .  
d o .  
10-200 
d o .  
d o .  
d o .  
do .  
20-200 
10-200 
20-200 
10-200 
20-200 
d o  
do .  
d o .  
d o .  
10-200 
do.  
REMARKS 
L i n e a r  
L i n e a r  
C u r v e s  upward ( 3 )  
Curves  upward ( 3 )  
L i n e a r  t o  2 5  PSIA (4)  
L i n e a r  t o  2 5  PSIA 
L i n e a r  
L i n e a r  
C u r v e s  upward (4) 
L i n e a r  
C u r v e s  upward ( 5 )  
Curves  upward ( 5 )  
L i n e a r  
L i n e a r  
L i n e a r  
C u r v e s  upward ( 3 )  
C u r v e s  upward ( 3 )  
L i n e a r  
Curves  upward ( 3 )  
Curves  upward (3 )  
S igmoid  c u r v e  (6)  
Sigmoid  c u r v e  (6 )  
T e s t  ce l l  f a i l e d  (7) 
L i n e a r  
L i n e a r  
L i n e a r  
L i n e a r  
L i n e a r  t o  2 5  PSIA (4) 
L i n e a r  t o  2 5  PSIA (4 )  
C u r v e s  upwards  ( 3 )  
S igmoid  c u r v e  ( 6 )  
Sigmoid  c u r v e  (6) 
Curves  upwards  ( 3 )  
Curves upwards  ( 3 )  
C u r v e s  upwards  ( 3 )  
C u r v e s  upwards  ( 3 )  
L i n e a r  
S igmoid  c u r v e  (6)  
Sigmoid  curve  (6)  
E r r a t i c  b e h a v i o r  on l o a d  
E r r a t i c  b e h a v i o r  on l o a d  
C u r v e s  upwards  ( 3 )  
L i n e a r  t o  2 5  PSIA ( 3 )  
L i n e a r  t o  2 0  PSIA ( 3 )  
S igmoid  c u r v e  (6) 
Sigmoid  c u r v e  (6)  
L i n e a r  
L i n e a r  
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No 
I_ 
8 
9 
10 
11 
- I 
Remarks T a b l e  I1 
1. 
2 .  
3 .  
4 .  
5. 
6.  
7. 
8. 
TABLE I1 
C o n t  ? d 
I LOAD OHMS REMARKS 
do.  
d o .  
do .  
20-200 
10-200 
20-200 
10-200 
20-200 
10-200 
L i n e a r  
Curve  s a t u r a t e s  (8) 
Curve  s a t u r a t e s  (8) 
Curve upwards  (3)  
E r r a t i c  b e h a v i o r  on l o a d  
C u r v e s  upward (3)  
C u r v e s  upward (3)  
C u r v e s  upward (3) 
C u r v e s  upward (3)  
R e f e r  t o  T a b l e  I for d e t a i l s  of e l e c t r o d e .  
C u r v e s  p l o t t e d  ma of  s i g n a l  e l e c t r o d e  t o  cadmium e l e c t r o d e  
v s .  PSIA oxygen 0-30 PSIA f o r  v a r i o u s  l o a d s .  
Curve  increases w i t h  i n c r e a s e  i n  oxygen p r e s s u r e .  
Curve  f l a t t e n s  a t  h i g h e r  oxygen p r e s s u r e s .  
Curve l i n e a r  0-20 PSIA o f  oxygen ,  t h e n  c u r v e s  upward 
Sigmoid  c u r v e ,  n o t  s u i t a b l e  f o r  i n d i c a t o r  u s e  o v e r  d e s i r e d  
r a n g e  of  0 t o  25+ PSIA. 
rise i n  m i d d l e .  
Curve  is f l a t  o n  e n d s  w i t h  s h a r p  
S h o r t  i n  n icke l -cadmium sec t ion  o f  test ce l l .  
Curve f l a t t e n s  i n  h i g h e r  r e s i s t a n c e  r a n g e s ,  showing  t h a t  
n o t  a l l  oxygen i s  b e i n g  r e a c t e d  upon a r r i v a l  a t  e l e c t r o d e  
s u r f  ace. 
14a 
f 
2 sensing e l e c t r o d e s  of  0.86 cm2 and 9 .8  cm area. These 
were mounted i n  a Luc i t e  frame, and placed a g a i n s t  a cad- 
mium e l e c t r o d e  with a non-woven nylon sepa ra to r  s a t u r a t e d  
wi th  31% KOH placed i n  between. Before each series of  
tes ts ,  t h e  cadmium e l e c t r o d e  was charged a g a i n s t  a n i c k e l  
mesh counter electrode., The oxygen p res su re  w a s  ad jus t ed  
manually, using tank oxygen and a mechanical vacuum pump. 
T e s t s  a t  va r ious  temperatures w e r e  made i n  appropr i a t e  
cold boxes o r  ovens, 
A t y p i c a l  p l o t  of e l e c t r o d e  c u r r e n t  v s  oxygen p res su re  f o r  
a f ixed  temperature a t  va r ious  loads i s  presented i n  Figure 
1. Data of t h i s  type are  c l o s e l y  r e l a t e d  t o  c e l l  behavior 
of t h e  e l e c t r o d e s ,  s i n c e  they are used t o  d e t e c t  v a r i a t i o n s  
i n  p re s su re .  P l o t s  of t h i s  type were analyzed i n  t h e  pre- 
p a r a t i o n  of Table 11. 
A t h r e e  dimensional model would be r equ i r ed  t o  d e p i c t  t h e  
e l e c t r o d e  response f o r  v a r i a t i o n s  i n  oxygen pressure,  
temperature and load r e s i s t a n c e .  Some idea of t h e  r a t h e r  
complex behavior can be obtained by using two dimensional 
p l o t s  of e l e c t r o d e  cu r ren t  v s  temperature f o r  a f ixed  oxygen 
p r e s s u r e  and v a r i o u s  loads (Figures  2 through 9 ) ,  and p l o t s  
of  e l e c t r o d e  s i g n a l  v s  oxygen p res su re  f o r  a f ixed  load a t  
va r ious  temperatures (Figures 10 and 11). 
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The f i g u r e s  give t h e  response of n i c k e l  s i n t e r  and gold 
mesh e l e c t r o d e s .  
The response of both t h e  n i c k e l  s i n t e r  and gold mesh 
e l ec t rodes ,  with 0.001" o r  0.0005" Teflon f i lms,  a r e  
e s s e n t i a l l y  l i n e a r  with r e spec t  t o  oxygen p a r t i a l  p re s s -  
ure .  In  addi t ion,  t h e  magnitudes of t he  s i g n a l s  generated 
by both types of e l e c t r o d e s  a r e  e s s e n t i a l l y  t h e  same. 
It was concluded, t he re fo re ,  t h a t  e i t h e r  type of e l ec -  
t r o d e  would be s a t i s f a c t o r y .  Nickel s i n t e r  was chosen 
f o r  f u r t h e r  s tudy on account of i t s  lower c o s t .  Larger 
a r e a  e l e c t r o d e s  appear more s u i t a b l e  than smaller,  based 
p r i m a r i l y  upon c u r r e n t  ca r ry ing  a b i l i t y .  
The output  of t h e  sensing e l e c t r o d e s  was a l s o  found t o  
be h i g h l y  temperature dependent, a s  would be expected 
from t h e  gene ra l  response equat ion and the  f a c t  t h a t  t he  
d i f f u s i o n  of a gas through a b a r r i e r  i s  a l s o  h i g h l y  de- 
pendent upon temperature.  The observed dependence, i n  
t h e  l i n e a r  regions,  i s  about 2% pe r  degree cen t ig rade .  
This i s  about t he  same o rde r  of magnitude a s  f o r  t he  
d i f f u s i o n  of a gas through a b a r r i e r .  
2.1.4 Evaluat ion of S igna l  E lec t rodes  
A key f a c t o r  i n  t h e  use of an oxygen sensing e l e c t r o d e  i s  
27 
t h e  r e p r o d u c i b i l i t y  of t h e  s i g n a l  with r e s p e c t  t o  oxygen 
? 
I 
ibr 1 ” 
, 
pres su re  under f ixed  cond i t ions  of  temperature and e x t e r -  
n a l  load. This was t e s t e d  f o r  n i c k e l  s i n t e r  e l e c t r o d e s  
i n  s p e c i a l  test  c e l l s .  
2 In  t h e  ce l l ,  t h e  9.8 cm tes t  e l e c t r o d e  w a s  separated 
from t h e  cadmium e l e c t r o d e  by non-woven nylon s a t u r a t e d  
w i t h  31% KOH. The cadmium e l e c t r o d e  was continuously 
t r i c k l e  charged during t h e  t es t  a t  20 mA. The s i g n a l  
(sensing t o  cadmium) c u r r e n t  w a s  passed through a 0-1 
mA meter r e l a y  which had high-low con tac t s .  The range 
of t h e  meter w a s  ad jus t ed  with e x t e r n a l  f i xed  r e s i s t o r s .  
The ope ra t ion  of  t h e  c o n t r o l  f o r  cycl ing w a s  as follows: 
Tank oxygen w a s  admitted t o  t h e  c e l l  v i a  a shut  o f f  
solenoid,  operated by t h e  c o n t r o l  c i r c u i t ,  and a manu- 
a l l y  set flow c o n t r o l  va lve .  IIJhell t he  upper p re s su re  
s i g n a l  w a s  reached on t h e  meter r e l a y ,  t h e  oxygen solenoid 
w a s  c losed and t h e  c e l l  evacuated v i a  a second s h u t  o f f  
solenoid and flow c o n t r o l  va lve .  Evacuation continued 
u n t i l  t h e  lower p re s su re  s i g n a l  w a s  reached, a t  which 
t i m e  t h e  vacuum w a s  c u t  o f f  and oxygen readmit ted.  C e l l  
p r e s su res  were monitored wi th  0-40 PSIA pres su re  t r a n s -  
ducers .  Cel ls  were cycled over t h e  temperature range of 
! 
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1 
-20°C t o  +40°c. 
0 . -. 
Typical r e s u l t s  
Figure 12. The 
l a r  waves whose 
1, 
f o r  a t e s t  conducted a t  2 5 O C  are shown i n  
p re s su re  recordings show a series of regu- 
period i s  c o n t r o l l e d  by t h e  gas flow 
rates. The wave c r e s t s  r ep resen t  t h e  c u t  o f f  p re s su res  
sensed by t h e  e l e c t r o d e s  a t  high p res su res ,  and t h e  troughs 
f o r  t h e  low p res su res .  For a given temperature and load 
( m e t e r  p l u s  shun t s ) ,  t h e  wave crests were wi th in  1-2% of  
each o t h e r  throughout t h e  per iod of t he  test .  This i n d i -  
cates good r e p r o d u c i b i l i t y  and r a p i d  response t o  changes 
i n  oxygen p res su re .  A response t i m e  of about one second 
i s  est imated from t h e  tests. These r e s u l t s  demonstrate 
t h a t  t h e  s e n s i t i v i t y  and r e p r o d u c i b i l i t y  of  t h e  s i n t e r e d  
n i c k e l  e l e c t r o d e  a r e  more than adequate f o r  use i n  cel ls .  
In  order  t o  complete t h e  eva lua t ion  of t h e  sensing elec- 
t rode,  and determine the  proper p o s i t i o n  f o r  t h e  e l e c t r o d e  
i n  t h e  ce l l ,  f u l l  scale c e l l s  were cons t ruc t ed ,  Component 
p a r t s  of  t hese  c e l l s  are  shown i n  Figure 13. 
e l e c t r o d e  i s  t h e  c i r c u l a r  p i e c e  i n  t h e  middle of t h e  bottom 
row. E lec t rode  ho lde r s  t o  t h e  l e f t  and r i g h t  are used f o r  
The sensing 
pos i t i on ing  t h e  e l e c t r o d e  on t h e  pack f ace  and top, r e s p e c t i v e l y .  
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Figure 13 
Sensing Electrode T e s t  C e l l  
Components 
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Dummy s o l i d  p i eces  w e r e  used as appropr i a t e  t o  maintain 
! 
equal f r e e  volumes i n  t h e  c e l l s .  The recombination 
e l e c t r o d e s  are shown a t  e i t h e r  extreme of t h e  middle 
row; these ,were  located on t h e  s i d e s  of t h e  pack and 
were connected i n  p a r a l l e l .  The t o t a l  area of t h e  re- 
combination e l e c t r o d e s  i s  1 7 . 5  cm . The nickel-cadmium 2 
c e l l  pack i s  shown i n  t h e  cen te r ,  and c o n s i s t s  of  10 neg- 
a t i v e  and 9 p o s i t i v e  p l a t e s ,  with a nominal capac i ty  of 
s i x  ampere hours.  
Figure 14 shows t h e  completed c e l l ,  and t h e  case i n  which 
it i s  po t t ed .  This photograph shows a dummy e l e c t r o d e  
holder  p i e c e  on t h e  top of t h e  c e l l  pack; t h e  sensing 
e l e c t r o d e  i s  on the  back s i d e  (not shown). A thermo- 
couple i s  seen on t h e  l e f t  hand s i d e .  E l e c t r i c a l  
connections t o  t h e  recombination and sensing e l e c t r o d e s  
are  t h e  w i r e  l eads ;  t h e  b o l t s  provide connection t o  t h e  
n i c k e l  and cadmium e l e c t r o d e s .  
The c e l l s  were cycled a t  va r ious  rates and temperatures 
wi th  va r ious  load r e s i s t a n c e s  i n  t h e  recombination and 
sensing e l e c t r o d e  c i r c u i t s .  T e s t s  were c a r r i e d  ou t  using 
t h e  c o n t r o l  equipment shown i n  Figure 15. The equipment 
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allows charging t o  a sensing e l e c t r o d e  
by discharge t o  a f ixed  c e l l  vol tage.  
used f o r  sensing t h e  end of cyc le  cond 
s i g n a l ,  followed 
Meter r e l a y s  are 
t ions.  
Table 111 g ives  t h e  p e r t i n e n t  i d e n t i f i c a t i o n  of t h e  cel ls .  
Table IV g ives  t h e  o u t l i n e  of  t h e  cycl ing tests made on 
t h e  va r ious  t e s t  c e l l s .  The program was designed so 
t h a t  each temperature w a s  covered f o r  a l l  e l e c t r o d e .  
samples and sensor loca t ions .  Each series of tests w a s  
run a t  t h r e e  c u r r e n t  l eve l s :  C/6 ,  C/2,,d:pd C, as 'indica- 
ted.  
The s i g n a l  e l e c t r o d e  t o  cadmium e l e c t r o d e  load w a s  held 
cons t an t ;  t h e  meter r e l a y  t r i p  p o i n t  w a s  ad jus t ed  f o r  each 
temperature t o  a va lue  corresponding t o  an oxygen press-  
u r e  of 20 PSIA, i n  accordance with t h e  s i g n a l  e l e c t r o d e  
c a l i b r a t i o n  curve a t  t h a t  temperature. The la t ter  was ob- 
t a ined  f o r  each c e l l  a t  each temperature a t  t h e  beginning 
of  t h e  series by manually a d j u s t i n g  t h e  oxygen p res su re  i n  
t h e  ce l l  over t h e  range 0 t o  30 PSIA, and observing t h e  
s i g n a l  c u r r e n t .  This w a s  a convenient method of s e l e c t i n g  
t h e  t r i p  p o i n t  f o r  t h i s  t es t ,  bu t  w a s  no t  used i n  la ter  
test  programs. 
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E - C e l l  - 
TEST CELL CONSTRUCTION 
Recombination 
ec t rode  Number 
RE08- 1 
RE08- 1 
RE08-2 
RE08-2 
RE08 - 1 
RE08- 1 
RE08-2 
RE08- 2 
0 Sensor Locat -2 
TOP 
TOP 
TOP 
TOP 
Face 
Face 
Face 
Face 
.on -
A l l  c e l l s  have two recombination e l e c t r o d e s  2" x 3/4" l oca t ed  
on edge of ce l l  packs. 
1-1/16" diameter and located e i t h e r  on top of t he  c e l l  pack 
("top" p o s i t i o n )  or  on f a c e  of c e l l  pack ("face" p o s i t i o n ) .  
The sensor e l e c t r o d e  i s  n i c k e l  s i n t e r  with 0.001" Teflon 
f i lm.  C e l l  pack i s  nominal 6 AH capaci ty .  
Oxygen sensor e l e c t r o d e  i s  c i r c l e  
I 
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Cell -
TABLE IV 
TEST CELL CYCLE PROGRAM 
Temperature, OC 
Series 1 Series 2 Series 3 Series 4 
25 
25 
25 
25 
25 
25 
25 
25 
4-10 
0 
+P 0 
0 
0 
- 10 
0 
- 10 
-10 
-20 
- 10 
-20 
-20 
4-1 0 
-20 
+10 
In each series, the tests were as follows: 
-20 
4-40 
-rb 0 
J k O  
440 
4-40 
-20 
+40 
Charge Current Recombination-Cd Time 02 Sensor-Cd Load 
Test Amp s Load, Ohms (1) Days Ohms (2) -
A 1 
B 3 
C 6 
3 2 
1 2 
0.5 2 
20 
20 
20 
(1) Including leads; selected to give 0.6 volt drop at 20% of 
charging current. 
(2) Including leads; cut-off on meter set to operate at signal 
corresponding to 20-25 PSIA as determined from calibration 
made on cell at temperature of series. 
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The e f f e c t  of top v s  f ace  p o s i t i o n  was mainly on s i g n a l  
level. The s i g n a l  f o r  face  p o s i t i o n  e l e c t r o d e s  was usua l ly  
3550% g r e a t e r  than fo r  those  i n  top pos i t i on .  The s i g n a l  
f o r  top p o s i t i o n  e l e c t r o d e s  v a r i e d  during cyc l ing ,  de- 
c r eas ing  t o  about 80% of the  i n i t i a l  va lue  f o r  a given 
oxygen p res su re  and temperature a f t e r  15-30 cyc les .  This 
d e c l i n e  was due t o  poor e l e c t r o l y t e  wicking r e s u l t i n g  i n  
drying ou t  of t he  sepa ra to r  i n  con tac t  with the  e l ec t rode .  
This  decreased s i g n a l  l e d  t o  severe  overcharging of ce l l  
14 dur ing  series 3, wi th  damage t o  t h e  p re s su re  gauge and 
recorder .  This  c e l l  recovered s a t i s f a c t o r i l y  on cyc l ing  
a t  25OC and was used a t  40°C t o  complete t h e  tests. Sig-  
n a l s  of f a c e  p o s i t i o n  e l e c t r o d e s  were s t a b l e ,  w i th in  5%, 
during t h e  e n t i r e  test  program, ind ica t ing  t h a t  drying of 
t h e  sepa ra to r  d id  no t  occur. 
Each series requi red  about one week t o  complete, with 3 
l o w  rate, 9 medium rate and 18 high rate cyc le s  i n  each. 
A total  of 120 cyc le s  w a s  thus  acquired f o r  each cel l .  For 
t h e  cells  which charged t o  a c u t o f f ,  t he  cha rge re tu rned ,  
t o  a 20 PSIA s i g n a l ,  w a s  about 120% of the  capac i ty  d e l i v e r -  
ed. This va r i ed  from c e l l  t o  c e l l ,  but  never w a s  less 
than 110% o r  more than 135%. Discharge c a p a c i t i e s  were a l l  
g r e a t e r  than 6 A-Hr.  
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2.2 Task I1 - Oxygen Recombination Electrodes 
2.2.1 E lec t rode  Fabr i ca t ion  
Recombination e l e c t r o d e s  were f a b r i c a t e d  by a p p l i c a t i o n  
of a P t  c a t a l y s t  t o  a s u b s t r a t e  c o n s i s t i n g  of n i c k e l  
powder s i n t e r e d  t o  an expanded n i c k e l  s t r i p .  The e l e c -  
t rodes  are wet-proofed by a p p l i c a t i o n  of a Teflon suspen- 
pension t o  t h e  gas f a c e  of t h e  e l e c t r o d e  and subsequently 
cur ing a t  an e l eva ted  temperature. 
A number of  changes i n  t h e  s t r u c t u r e  of t hese  e l ec t rode?  
were made i n  o rde r  t o  optimize performance, e s p e c i a l l y  
a t  t h e  extremely l o w  temperatures.  These changes in -  
cluded varying t h e  po ros i ty  and thickness  of t h e  s i n t e r -  
ed n i c k e l  s t r u c t u r e ,  varying t h e  c a t a l y s t  loading, and ad- 
j u s t i n g  t h e  thickness  of t h e  Teflon f i l m  on t h e  gas face.  
Details of t h e  e l e c t r o d e s  f a b r i c a t e d  during t h i s  program 
are presented i n  Table V. 
2.2.2 Experimental Details 
The performance of recombination e l ec t rodes  w a s  evaluated 
by ob ta in ing  c u r r e n t  densi ty-vol tage ( p o l a r i z a t i o n )  curves 
f o r  t he  va r ious  e l e c t r o d e s  as a funct ion of ope ra t ing  
temperature and oxygen p res su re .  
used i n  t h i s  eva lua t ion  are shown i n  Figure 16. 
The c e l l  and components 
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Table V 
DETAILS OF RECOMBINATION ELECTRODE FABRICATION 
==F Electrode Sintered N i  Plaque Lot Thickness Porosi'ty mg/cm -Group Number 
m i  Is % 
1 183 5-c 10 74.5 1.23 
184 5-c 10 74.5 1.25 
2 192 8 14 81.2 2.69 
193 8 14 81.2 2.59 
195 8 14 81.2 2.67 
3 R- 1 5 .  11 85.4 2.62 
R- 2 5 11 85.4 2.70 
R- 3 5 11 85.4 5.00 
4 500- 1 5 11 85.4 5.16 
500-2 5 11 85.4 5.08 
500-3 5 11 85.4 10.29 
5 R-4 5 11 85.4 5 .  OO* 
t h ru  
R- 7 
Teflon 
mg: I cm2 
1.96 
1.84 
1.77 
1 .24  
1.55 
0.96 
1.23 
1.12 
1.19 
1.17 
1.23 
1.20* 
*Design values. Tolerances held were rtO.10 on ca t a lys t ,  
rt0.05 on Teflon. 
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The s t a i n l e s s  steel can i s  f i t t e d  wi th  a removeable cover 
which has  provis ion  f o r  evacuat ing and/or p re s su r i z ing  the  
c e l l ,  a p re s su re  gauge, a thermocouple fo r  measuring the  
temperature of t h e  t e s t  e l ec t rode ,  and te rmina ls  f o r  
e l e c t r i c a l  connection t o  the  var ious  e l ec t rodes .  
The c e l l  assembly i s  shown i n  Figure 17. The counter elec- 
t rode  i s  a p i ece  of s i n t e r e d  n i c k e l  plaque, and i s  welded 
d i r e c t l y  t o  the  can i n  order  t o  improve hea t  t r a n s f e r  and 
minimize non-uniform temperature e f f e c t s .  
e l e c t r o d e  i s  a piece of well-aged, p a r t i a l l y  charged pos- 
i t i v e  p l a t e .  The sepa ra to r  i s  non-woven nylon, and d i p s  i n t o  
a pool of e l e c t r o l y t e ,  34% KOH, i n  t h e  bottom of the  c e l l ,  
thus  in su r ing  a uniform degree of s a t u r a t i o n  i n  a l l  tests. 
The per fora ted ,  corrugated PVC provides  access  of 0 t o  
the gas f a c e  of t h e  tes t  e l ec t rode .  Uniform compression 
of t h e  components i s  provided by the  two n icke l -p l a t ed  
sp r ings  between t h e  l u c i t e  f ace  p l a t e  and the  can w a l l .  
For operat ion,  t h e  t e s t  c e l l s ,  a f t e r  f i n a l  assembly and 
p res su re  test, were evacuated t o  30 inches of Hg vacuum and 
back f i l l e d  with 0 t o  the  des i r ed  pressure .  They were then 
e q u i l i b r a t e d  f o r  16 hours a t  the  t e s t  temperature.  Follow- 
ing this  temperature s t a b i l i z a t i o n ,  cu r ren t  w a s  passed 
The r e fe rence  
2 
2 
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F i g u r e  17 
R e c o m b i n a t i o n  E l e c t r o d e  T e s t  C e l l  A s s e m b l y  
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between t h e  counter  and test e l ec t rodes ,  csusing O2 t o  be 
generated on t h e  former and recombined on t h e  l a t t e r .  ”he 
vo l t age  between t h e  test  and r e fe rence  e l ec t rodes  was then 
measured a t  each c u r r e n t  l eve l .  
2.2.3 Resul t s  of Po la r i za t ion  Tests 
The performance of Group 1 e lec t rodes  i s  presented i n  Figure 
18, 
combining oxygen a t  s u b s t a n t i a l  rates, a t  moderate tempera- 
A s  can be Peen, t h e  e l ec t rodes  were capable of re- 
t u r e s  and pressures ,  w i t h  only s l i g h t  po la r i za t ion .  
it w a s  observed t h a t  t h e r e  was only a s l i g h t  decrease i n  per- 
formance when t h e  oxygen pressure  was reduced from 20 t o  
10 PSTA. 
severely.  In  addi t ion ,  t he  e f f e c t  of varying oxygen press -  
u re  is  more pronounced a t  -2OOC. 
dependence l ed  t o  t h e  conclusion t h a t  a c c e s s i b i l i t y  of 
oxygen t o  t h e  a c t i v e  si tes wi th in  t h e  e l ec t rode  was l i m i t -  
ing t h e  low temperature performance. 
Also 
A t  -2OoC, however, t h e  e l ec t rodes  polar ized  
This  pronounced pressure  
i .  :? 
e .  
A number of a l t e r a t i o n s  i n  e l e c t r o d e  s t r u c t u r e  w e r e  made2”as 
ou t l ined  i n  Sect ion 2.2.1, t o  improve t h e  l o w  temperature 
performance. 
r e s u l t e d  i n  improved performance a t  -2OoC, as d id  increased 
The use of th inner ,  higher  po ros i ty  plaque 
44 
0 
4. 
4 
0 
hi 
rl 
C 
0 
0 
l-4 
0 
00 
0 
\o 
0 
4. 
0 
rl 
00 
0 
\o 
0 
4. 
0 
hl 
0 0 
4- co 
rl 
45 
0 
4 
co 
0 
\o 
0 
U 
ln 
N 
0 
+' 
I n 0  
hllnoo 
l - l h l m o  
d 
. e . .  
04uP d
U 
0 
N 
I 
0 
cv 
0 46 
h 
rl 
ld 
U 
ld 
U 
4-I 
0 
U 
CJ 
aJ w 
w w 
m 
rl 
.Id il
Fr 
I 
c a t a l y s t  loadings. 
shown i n  Figure 19, 
The e f f e c t  of c a t a l y s t  loading i s  
These improved electrodes a r e  fabr ica ted  on a t h i n  
(0,011 inch thick),  high porosity (85%) s in te red  n icke l  
s t ruc ture ,  and have a c a t a l y s t  loading of 5.0 mg/cm 
and a Teflon surface f i lm of P,20 mg/cm 
2 
2 Performance 
of these electrodes i s  typ i f ied  by electrode number 
500-2. 
r 
The performance of these electrodes w a s  compared t o  
t h a t  obtained with a va r i e ty  of oxygen f u e l  c e l l  elec- 
trodes.  Comparisons w e r e  made a t  25°C and -2OOC. The 
f u e l  cel l  e lectrodes evaluated included the  General 
Electric Research and Development Center Type 511 and 
American Cyanamid Company Types E and LBB-XG, 
za t ion  curves for  these electrodes are presented i n  Figures 
20 and 21. A s  can be seen, the  25OC performance of a l l  
the  electrodes evaluated are comparable. 
erature, however, t h e  improved electrodes developed i n  
t h i s  program o f fe r  the lowest polar izat ion,  and so  were 
se lec ted  f o r  fur ther  study. 
Polar i -  
A t  the  low temp- 
2.2.4 Electrode Reproducibil i ty and S t a b i l i t y  
Two series of tests were performed i n  order t o  determine 
whether t he  improved electrode described above could be 
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reproducibly made. The f i r s t  t es t  s e r i e s  was performed 
using t h r e e  e l e c t r o d e s  from the same l o t .  P o l a r i z a t i o n  
curves i n d i c a t i n g  the  range i n  performance observed a t  
both 2 5 ° C  and - 2 0 ° C  a r e  presented i n  Figure 2 2 .  
The second s e r i e s  compared the  performance of e l e c t r o d e s  
from l o t s  prepared two months a p a r t .  The ranges i n  per- 
formance observed a t  both 2 5 ° C  and - 2 0 ° C  were s i m i l a r  t c  
those shown i n  Figure 2 2 .  These r e s u l t s  i nd ica t ed  t h a t  
e l e c t r o d e s  of c o n s i s t e n t  q u a l i t y  could be prepared by t h e  
techniques employed. 
An i n v e s t i g a t i o n  of t he  s t a b i l i t y  of recombination e l e c -  
t rodes  was a l s o  c a r r i e d  o u t .  This program cons i s t ed  of 
determining t h e  i n i t i a l  performance of t h e  e l e c t r o d e  a t  
both 2 5 ° C  and - 2 0 ° C  with 2 5  PSIA oxygen p res su re .  
e l e c t r o d e s  were then subjected t o  s to rage  a t  4 0 ° C  under 
2 5  PSIA oxygen and the  - 2 0 ° C  p o l a r i z a t i o n  checked a t  regu- 
l a r  i n t e r v a l s .  The high temperature s to rage  should have 
a c c e l e r a t e d  any degradat ion processes,  and t h e  ex ten t  t o  
which these  processes  a f f e c t e d  performance should have 
r e a d i l y  been seen a t  - 2 0 ° C .  
The 
50 
I a 
i 
i 
I 
J 
co 
0 
a 
0 
4- 
0 
. 
N 
ti0 
3 
n 
.r) 
V 
7 a 
0 
& a 
2 
el 0 
0 
* 
51 
7 
J 
N 0 
0 
2 
0 
N 
rl 
0 
E) 
n 
--I 
0 
Q 
0 
N 
0 
0) 
k 
0 
rcI 
a, 
Fg 
a, a 
0 
k 
L) 
u 
a, 
I4 
w 
k 
0 
rcI 
52 
I 
The r e s u l t s  of one such t e s t ,  involving a t o t a l  of 144 
hours of high temperature s to rage  a r e  presented i n  Fig- 
u re  23. The p o l a r i z a t i o n  d a t a  presented  i n  t h i s  f i g u r e  
were "Normalized" by sub t r ac t ing  the  open c i r c u i t  test  
e l e c t r o d e  - r e fe rence  e l e c t r o d e  vo l t age  from the  vo l t age  
measured a t  each cu r ren t .  This mormalization procedure 
e l imina te s  any e r r o r s  due t o  s h i f t s  i n  the  p o t e n t i a l  of 
t he  r e fe rence  e l e c t r o d e  a s  a r e s u l t  of t he  high tempera- 
t u r e  s to rage .  The f a c t  t h a t  t he  p o l a r i z a t i o n  curves a r e  
e s s e n t i a l l y  superimposed i n d i c a t e s  t h a t  t he  high tempera- 
t u r e  s to rage  d id  no t  e f f e c t  t he  e l ec t rodes .  
2 . 3  Task 111 - Negative P l a t e  Evaluat ion 
2 . 3 . 1  Experimental Details 
Three l o t s  of  nega t ive  plates  were received from manufac- 
t u r i n g  f o r  eva lua t ion  of  ampere-hour s t a b i l i t y  and oxygen 
recombination a b i l i t y .  Twelve c e l l s ,  of nominal 4AH con- 
f i g u r a t i o n ,  were assembled from each l o t ,  us ing a common 
l o t  of p o s i t i v e  p l a t e  f o r  a l l  cells .  S u f f i c i e n t  34% KOH 
e l e c t r o l y t e  was added t o  produce semi-starved c e l l s .  The 
c e l l s  w e r e  f i t t e d  wi th  p re s su re  gauges and sea l ed  wi th  
epoxy. 
In order  t o  determine the  ampere-hour s t a b i l i t y  of t he  p l a t e ,  
I 53 
i 
: 1  
1': J 
a regime designed t o  promote nega t ive  p l a t e  fading w a s  
employed. The regime w a s  as follows: 
Temperature: Room ambient 
Charge: 400 mA f o r  16 hours 
Discharge: 4.0A t o  1.0 Volt  
R e s t :  7 hours 
5 cyc les  per  week 
Cycling was continued u n t i l  t he  d ischarge  c a p a c i t i e s  of 
t he  cel ls  s t a b i l i z e d .  This r equ i r ed  16-18 cyc les .  
The oxygen recombination a b i l i t y  of t h e  nega t ive  p l a t e  was 
determined by observing t h e  s teady  s ta te  pressures  i n  t h e  
c e l l s  a t  va r ious  rates of continuous overcharge.  
overcharge r a t e s  employed were 400 mA (C/lO), 500 mA 
(C/8), and 800 mA (C/5). The C/5 overcharge r a t e  i s  t h e  
upper threshold  f o r  continuous overcharge of s tandard 
sea led  c e l l s  without  recombination e l e c t r o d e s  and was em- 
ployed i n  t h i s  test  i n  order  t o  inc rease  t h e  amount of 
The 
d a t a  a v a i l a b l e  f o r  use  i n  s e l e c t i n g  a s u i t a b l e  p l a t e  l o t .  
2.3.2 Resu l t s  and Discussion 
The capac i ty  versus  cyc le  da t a  f o r  t h e  t h r e e  l o t s  evaluated 
are presented  i n  Figure 24. A s  can be seen, two l o t s ,  6939 
and 6979, behaved e s s e n t i a l l y  t h e  s a m e .  The t h i r d  l o t ,  
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8104, faded t o  a g r e a t e r  ex ten t .  
I 
I n  a d d i t i o n  t o  t h e  cyc l ing  regime, t h e  e x t e n t  t o  which neg- 
a t i v e  p l a t e s  f ade  i s  r e l a t e d  t o  t h e  s ta te-of-charge of  t h e  
p l a t e  a t  t h e  t i m e  of c e l l  assembly. A s  no s p e c i a l  pre-  
cau t ions  were taken i n  t h i s  t e s t  t o  i n s u r e  uniform s ta tes-  
of-charge on all t h e  negat ives  t e s t e d ,  t he  d i f f e r e n c e s  
observed may be due t o  d i f f e r e n c e s  i n  t h e  o r i g i n a l  state- 
of -charge of t h e  p l a t e s  
The p res su res  developed i n  the  c e l l s  during t h e  continuous 
overcharge tests were i n  t h e  range normally observed when 
charging a t  t h e  rates employed. The p res su res  developed 
i n  t h e  cel ls  made with l o t  6979 p l a t e  were, however, some- 
what lower than t h e  o t h e r s .  
Negative p l a t e  from l o t  6979 exh ib i t ed  t h e  b e s t  balance of 
p r o p e r t i e s  -- low fading and low continuous overcharge 
p res su res  -- and so w a s  r e t a i n e d  and used i n  prototype and 
f i n a l  cel ls .  
2.4 Task IV -.Bqoto%ype :Cell Design 
2.4.1 C e l l  Design 
Prototype ce l l s  w e r e  designed wi th  a p l a t e  pack c o n s i s t i n g  
56 
of 11 nega t ive  p l a t e s ,  10 p o s i t i v e  p l a t e s ,  and non-woven 
nylon sepa ra to r .  The recombination e l e c t r o d e  cons i s t ed  
of two pieces ,  each 1.5 x 5.0 cm.  l oca t ed  along the  
narrow edges of t h e  pack, with e l e c t r i c a l  connection 
made t o  t h e  can. The s i g n a l  e l e c t r o d e  of 9.8 cm area 2 
w a s  l oca t ed  on one broad f ace  of t h e  pack, t h e  e l e c t r i -  
c a l  connection being made through a s p e c i a l  terminal  l o -  
ca t ed  on t h e  cover.  This e l e c t r o d e  conf igu ra t ion  allowed 
f o r  t h e  v a r i a t i o n  of t h e  r e s i s t a n c e s  between t h e  nega t ive  
p l a t e s  and both of t h e  a u x i l i a r y  e l ec t rodes .  
In  o rde r  t o  test  t h e  mechanical f e a s i b i l i t y  of  t he  pro- 
posed design, one pre-prototype c e l l  w a s  constructed.  The 
p l a t e  pack f o r  t h i s  ce l l  was made up with 10 nega t ive  and 
9 p o s i t i v e  p l a t e s .  Dummies were added t o  b r ing  t h e  pack 
t o  proper thickness .  A recombination e l e c t r o d e  of 15 c m  
area and i d e n t i c a l  t o  those used i n  t h e  f i n a l  prototypes 
w a s  included, and a s i g n a l  e l ec t rode ,  of  9 .8  c m  area, w a s  
i n s t a l l e d .  
2 
2 
Afte r  assembly, t h e  c e l l  w a s  subjected t o  a number of  
manual and automatic charge-discharge cyc le s  i n  o rde r  t o  
confirm i t s  e l e c t r i c a l  performance. Resu l t s  of  t h e s e  
57 
tests, presented i n  t h e  following sect ion,  were satis-  
f ac to ry ,  and t h e  remainder of t h e  prototype cel ls  were 
assembled according t o  t h i s  proposed design. 
2.4.2 Preliminary Tests 
The c e l l  descr ibed above w a s  subjected t o  a number of 
tests i n  order  t o  c h a r a c t e r i z e  i t s  performance under a 
v a r i e t y  of ope ra t ing  condi t ions.  
a t  ambient temperatures of -20"C, 25°C and 40"C, and a t  
The c e l l  w a s  cycled 
25%, 50%, and 75% depth-of-discharge on a 60-30 o r b i t .  
Since t h e  c e l l  w a s  constructed with only 90% of t h e  
r equ i r ed  p l a t e s ,  t h e  discharge rates were reduced t o  90% 
J 
of t h e  nominal va lues  f o r  a 6 A-Hr.  c e l l  as shown i n  t h e  
i 
t a b l e  below: 
I 
1 
. . >  
Depth of 
Discharge 
25% 
50 % 
7 5% 
R a t e ,  
Amperes 90% R a t e  
3 .O 
6.0 
9 .o 
2.7 
5.4 
8.1 
The c e l l  w a s  overcharged on each c y c l e  beyond t h e  optimum 
recharge i n  order  t o  determine t h e  a b i l i t y  of  t h e  oxygen 
recombination e l e c t r o d e  t o  maintain low p res su res  under 
t h e s e  adverse condi t ions.  Charge c o e f f i c i e n t s  (charge 
inpu t  divided by capac i ty  de l ive red )  i n  t h e  range 1.30 t o  
1.92 were employed. Following t h e  charge, t h e  c e l l  was d i s -  
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charged t o  1.OV i n  o rde r  t o  determine capaci ty .  Residual 
capac i ty  was drained by s h o r t i n g  t h e  c e l l  through a one 
ohm r e s i s t o r  f o r  16 hours so t h a t  t h e  capac i ty  determined 
on any c y c l e  was independent of t h e  previous cycle .  
A summary of t h e  cyc le s  i s  presented i n  Table V I .  I n  
Figures  25, 26, and 27 are shown t h e  c e l l  performance 
parameters f o r  5.4 A (50% DOD) cyc le s  a t  40"C, 25"C, and 
-2O0C, r e s p e c t i v e l y .  Also ind ica t ed  are optimum cut-off  
p o i n t s  f o r  each temperature, r ep resen t ing  overcharges 
of 40%, 20% and 5% f o r  t h e  t h r e e  t es t  temperatures.  
While t h e  end-of-charge p res su res  may appear high, it 
must be remembered t h a t  t h e  c e l l s  were overcharged f a r  
i n  excess of what i s  r equ i r ed .  A t  -2OoC, f o r  instance,  
an overcharge of 5-10% should be adequate t o  f u l l y  re- 
charge t h e  ce l l ;  overcharges of  47-50% were used i n  
t h e s e  tests, Had t h e  charge been terminated by a con- 
t r o l  e l e c t r o d e  s i g n a l  a t  t h e  proper point ,  t h e  high p res s -  
u r e s  would no t  have been obtained. This can r e a d i l y  be 
seen by r e fe rence  t o  Figure 27,  
In  a l l  cyc le s  a t  25°C and 40°C t h e  p re s su re  and s i g n a l  
both dropped t o  near  zero w i t h i n  t h e  f i r s t  30 minutes of 
discharge.  A t  -20°C t h e  d e c l i n e  w a s ,  of  course,  slower due 
I 
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t o  t h e  decreased 
and decreased O2 
I n  a d d i t i o n ,  t h e  
c y c l e s  were much 
a c t i v i t y  of t h e  recombination e l e c t r o d e  
recombination on t h e  nega t ive  p l a t e s .  
p re s su res  developed during t h e  -20°C 
higher  than normal due t o  t h e  g r e a t  ex- 
ces s  of charge beyond t h a t  needed t o  f u l l y  recharge the  
ce l l .  Had t h e  charge been terminated a f t e r  only 5% of  
overcharge ( i n s t e a d  of t h e  50% employed) such high p res s -  
u re s  would no t  have developed, and the  recombination ra tes  
would have been s u f f i c i e n t  t o  b r ing  t h e  c e l l  t o  a low 
p res su re  during subsequent discharge.  
I n  Figure 28 are shown t h e  performance parameters f o r  t h e  
ce l l  during manual cycl ing on a 60-30 minute o r b i t  t o  25% 
DOD. The charge w a s  terminated when t h e  c o n t r o l  e l e c t r o d e  
s i g n a l  reached l O O m v ,  and t h e  c e l l  r e s t e d  a t  open c i r c u i t  
f o r  t h e  remainder of t h e  charge per iod.  The r e p r o d u c i b i l i t y  
of t h e  c e l l  performance over a number of such cyc le s  demon- 
s t r a t e d  the  e l e c t r i c a l  f e a s i b i l i t y  of t h e  proposed design. 
2.5 Task V - Prototype C e l l  Tests 
2.5.1 Test Cells and Equipment 
Twenty seven prototype c e l l s  of 6 A-Hr nominal capac i ty  w e r e  
constructed f o r  cyc le  t e s t i n g .  Cells w e r e  constructed 
according t o  t h e  design o u t l i n e d  i n  Sect ion 2.4.1. Cells 
60 
? 
i ? ? Y  m m m  
Er 
a, 
a, 
ul 
I I m  i 
61 
, 
J 
1 
! 
0 
0 
m 
0 0 
0 cu 0, 
0 
62 
0 
0 
crl 
0 0 
0 
rl 
0 cu 
0 
0' 
4- 
0 
6 3  
I 
1 
i 
V 
0 
? 
64 
i 
rg N cn w 0 
4 rl 
0 
\L) 
0 
m 
0 > 
cn 
0 
rg 
0 
m 
0 
0 
In 
N 
0 
a 
n 0 
&? 
N '  
i 65 
P 
were f i t t e d  with p re s su re  gauges and thermocouples. 
Capacity of t he  test  c e l l s  w a s  determined by charging a t  
C/10 (600 mA) f o r  24 hours and discharging a t  C/2 (3,OA) 
t o  1.0 v o l t .  Capac i t i e s  were i n  t h e  range of  6.5 t o  7.3 
A-Hr .  Following t h e  capaci ty  determination, t he  c e l l s  
were pq t  on cyc le  tes ts ,  according t o  the  following 
schedule: 
T e s t  I: 
A l l  c e l l s a t  room temperature 
A l l  ce l ls  a t  25% DOD. 
T e s t  11: 
i 
Three ce l l s  a t  each regime: 
Temperature 
25 "C 40 O C  --DOD -20 O C  
25% X X X 
50 % X X X 
7 5% X 
-
A block diagram of the  automatic cyc l ing  equipment i s  shown 
i n  Figure 29.  Three such u n i t s  are required,  one f o r  each 
rate. A photograph of t h e  c o n t r o l  panel  and c e l l  monitoring 
equipment i s  presented i n  Figure 30. 
The charge c o n t r o l  c i r c u i t  can be used t o  terminate  t h e  
charge with a s i g n a l  of from 30mV. Tests of t h e  
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c i r c u i t r y  were c a r r i e d  out, p r i o r  t o  cyc l ing  the  proto- 
type cel ls ,  by cyc l ing  t h e  pre-prototype ce l l ,  descr ibed 
previously,  on a 60-30 o r b i t  t o  50% DOD, charging and d i s -  
charging a t  6A. 
before  t h i s  checking-out was terminated. 
Approximately LOO cyc le s  w e r e  completed 
During these  cyc le s  t h e  charge was reproducibly terminated 
by s i g n a l s  of 50 mV and 236 mV. The cycle- to-cycle  re- 
p r o d u c i b i l i t y  of t he  c o n t r o l l e r  can be seen i n  Figure 31  
which shows t h e  s i g n a l  response during four  consecutive 
cyc le s .  Also ind ica t ed  on the f i g u r e  a r e  the  du ra t ion  of 
t h e  charge, open c i r c u i t ,  and discharge po r t ions  of t h e  
cyc le .  The c e l l  received about 25% overcharge during these  
cycles ,  and t h e  pressure a t  the end of charge was about 
25 PSIA. 
2.5.2 Electrode C i r c u i t r y  and Control  S e t t i n g s  
The impedance between the recombination e l e c t r o d e  and the  
nega t ives  must be s e l e c t e d  so  a s  t o  l i m i t  t he  recombina- 
t i o n  c u r r e n t  t o  a f r a c t i o n  of  t he  charge c u r r e n t .  Thus a l l  
t h e  oxygen generated before  the  c e l l  i s  f u l l y  charged w i l l  
be recombined a t  a low pressure.  When t h e  p o s i t i v e  e l ec -  
t rodes  go i n t o  overcharge t h e  r a t e  of oxygen evo lu t ion  ex- 
ceeds t h e  r a t e  of recombination, and the  c e l l  p re s su re  r ises.  
69 
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Figure 31 
RESPONSE OF SIGNAL ELECTRODE 
DURING REPETATIVE CYCLING 
OF FOUR-ELECTRODE CELL 
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The c o n t r o l  e l e c t r o d e  senses  t h i s  p re s su re  r ise and re- 
sponds i n  proport ion t o  i t .  
The recombination e l e c t r o d e  load impedances o r i g i n a l l y  
s e l e c t e d  were i n  the  range 0.01 t o  0.25 ohm. A t  t hese  
low values  t h e  recombination of oxygen was too e f f e c t i v e ,  
and the  c e l l  p re s su res  d i d  not  r ise  high enough t o  o b t a i n  
adequate s i g n a l s  from t h e  c o n t r o l  e l ec t rode .  Impedances 
i n  the  range 0.50 t o  3.0 ohms were found t o  e f f e c t i v e l y  
l i m i t  t h e  recombination cu r ren t ,  depending upon charge 
r a t e  and temperature, and r e s u l t  i n  adequate p re s su re  
r i s e s  f o r  c o n t r o l  purposes. 
A t  very low r a t e s ,  i . e . ,  C/6, a t  moderate temperatures, t he  
h ighe r  impedances must be used (see Sect ion 2.1.4).  A t  
rates higher  than C lower impedance values,  0.5 ohm, may 
be used and s t i l l  have an adequate p re s su re  r i se .  Load 
impedances of 1.0 ohm were found t o  g ive  adequate, bu t  no t  
excessive,  p re s su re  r ises  i n  c e l l s  over t h e  e n t i r e  -20°C t o  
+40°C temperature range f o r  charge r a t e s  between C / 2  and 
1.5 C, and so were used f o r  cyc l ing  the  prototype c e l l s ,  
2.5.3. 
Se lec t ion  of t h e  proper c o n t r o l  e l e c t r o d e  s i g n a l  t o  be used 
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f o r  t e rmina t ing  t h e  charge i s ,  of  course,  necessary t o  i n -  
s u r e  proper cycl ing.  
Resu l t s  obtained during t h e  s i g n a l  e l e c t r o d e  evaluat ion,  
Sect ion 2.1.4, demonstrated t h a t  t h e s e  e l e c t r o d e s  could 
be used t o  reproducibly terminate  the  charge when t h e  ce l l  
p re s su re  reached a predetermined value,  
however, t h a t  t h e  percentage recharge accomplished by 
charging t o  an a r b i t r a r i l y  s e l e c t e d  p res su re  w a s  d i f f e r e n t  
from c e l l  t o  c e l l .  For example, when t h e  charge w a s  termin- 
a t e d  a t  20 PSIA oxygen pressure,  t he  percentage recharge 
va r i ed ,  on d i f f e r e n t  ce l l s ,  from 110 t o  
It w a s  observed, 
i35I. 
In  o rde r  t o  charge a c e l l  t o  a s p e c i f i e d  pe rcen t  overcharge, 
using a c o n t r o l  e l e c t r o d e  s igna l ,  i t  i s  necessary t o  d e t e r -  
mine t h e  s i g n a l  corresponding t o  t h e  des i r ed  overcharge, 
under t h e  same condi t ions of cyc l ing  t o  which t h e  c e l l  w i l l  
be subjected.  The c o n t r o l l e r  i s  then se t  t o  terminate  t h e  
charge a t  t h i s  s i g n a l .  This w a s  t h e  procedure followed i n  
t h e  prototype c e l l  tests. 
2.5.3 Resu l t s  of  Cycle Tests 
T e s t  I: 
a t  room temperature. A s  i n  a l l  c y c l e  tests, t h e  cel ls  w e r e  
charged and discharged a t  t h e  same rate - 3.0A i n  t h i s  test - 
A l l  cel ls  were conditioned by cyc l ing  a t  25% DOD 
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and the charge w a s  terminated by a s i g n a l  from the c o n t r o l  
e l ec t rode .  The tes t  l a s t e d  one week (82 cyc le s )  as t h i s  
w a s  s u f f i c i e n t  t i m e  t o  determine t h a t  t h e  cel ls  and con- 
t r o l  equipment were performing i n  a s a t i s f a c t o r y  manner. 
Typical c e l l  performance parameters observed during t h i s  
tes t  are i l l u s t r a t e d  i n  Figure 32. Neither c e l l  p re s su res  
nor c o n t r o l  e l e c t r o d e  v o l t a g e s  w e r e  monitored during t h i s  
tes t ,  but  t h e  constancy of t h e  pe rcen t  recharge i s  evi- 
dence of s t a b l e  and reproducible  performance. 
Test 11: The performance of t h e  prototype ce l l s  w a s  inves- 
t i g a t e d  over t h e  -2OOC t o  4 0 ° C  temperature range by cycl ing 
according t o  the  schedule presented i n  Sect ion 2-5.1. A 
summary of t h e  cyc le s  completed i s  presented i n  Table VII. 
Low Temperature (-20"C)Cycling: Two b a t t e r i e s ,  B and C, 
were subjected t o  un in t e r rup ted  cyc l ing  a t  -20" f o r  about 
seven weeks, completing 775 and 777 cyc le s  t o  50% and 25% 
DOD r e s p e c t i v e l y .  
cyc le s  i s  shown i n  Figures  33 and 34. 
Performance of  t h e  cells  during t y p i c a l  
Cell p re s su res  and c o n t r o l  e l e c t r o d e  vo l t ages  were moni- 
t o red  p e r i o d i c a l l y  during t h e  cycl ing,  and t h e  r e s u l t s  
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TABLE V I 1  
SUMMARY OF CYCLE TESTS ON 
PROTOTYPE CELLS 
BATTERY TEMPERATURE CYCLES 
DESIGNATION O C  % DOD COMPLETED 
B 
C 
D 
E 
F 
H 
J 
NOTES : 
1. 
2. 
3. 
-20 50 775 
-20 25 777 
25 75 380(2) 
25 50 2 80 (3)  
25 25 8 18 
40 50 150(2) 
40 25 175(3) 
EACH BATTERY CONSISTS OF THREE CELLS 
CELLS RECEIVED SPECIAL PROCESSING 
CYCLE TESTS DISCONTINUED DUE TO FALLING 
END-OF-DISCHARGE VOLTAGES 
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were e s s e n t i a l l y  cons t an t .  End-of-charge p res su res  f o r  
b a t t e r y  B, f o r  example, were i n  t h e  range of  15-18 PSIA, 
and with t h e  t r i p  l e v e l ' s e t  a t  60 mV, t h e  charge r e tu rned  
w a s  105-109% of t h e  capac i ty  de l ive red .  The constancy 
of t h e s e  r e s u l t s  show t h a t  t h e r e  were no changes i n  t h e  
c h a r a c t e r i s t i c s  of e i t h e r  t h e  recombination o r  c o n t r o l  
e l e c t r o d e s  as a r e s u l t  of  t h i s  low temperature cycl ing.  
Ambient Temperature (25OC) Cycling: Ambient temperature 
cycl ing w a s  c a r r i e d  out  a t  t h r e e  depths-of-discharge,  
25%, 50%, and 75%. Typical performance of a ce l l  cy- 
c l i n g  t o  25% DOD i s  presented i n  Figure 35. 
The performance of t h e  c e l l s  cycled t o  25% DOD a t  25OC 
was e s s e n t i a l l y  constant  f o r  t h e  du ra t ion  of t he  t es t ,  
which w a s  continued f o r  over 800 cycles .  End-of-charge 
p res su res  were i n  t h e  range of 12-16 PSIA, and with t h e  
c o n t r o l  e l e c t r o d e  t r i p  l e v e l  set a t  150 mV, t h e  recharge 
was between 120% and 125%. 
A downward t r end  w a s  observed, however, i n  t h e  end-of- 
discharge v o l t a g e s  of t h e  ce l l s  cycled t o  50% and 75% DOD, 
as shown i n  Figure 36, Such t r ends  have been observed 
previously i n  Ni-Cd c e l l s  without  a u x i l i a r y  e l e c t r o d e s  sub- 
j e c t e d  t o  cycl ing a t  deep discharges and/or e levated temp- 
e r a t u r e s .  78 
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These t r ends  have been a s s o c i a t e d  with changes occurr ing 
i n  t h e  nega t ive  p l a t e s .  It i s  poss ib l e ,  however, t o  min- 
imize these  changes by s u i t a b l y  a d j u s t i n g  t h e  s t a t e - o f -  
charge of t h e  nega t ive  p l a t e s  p r i o r  t o  cycl ing,  
The nega t ive  p l a t e s  i n  a c e l l  can be discharged a speci-  
f i e d  amount by adding t h e  ampere-hour equ iva len t  of 
oxygen. S imi l a r ly ,  t h e  nega t ives  may be precharged by 
ven t ing  t h e  proper amount of oxygen from a c e l l  during 
overcharge. The s ta te-of-charge adjustments employed i n  
t h i s  work involved t h i s  gene ra l  precharge method, and t h e  
d i f f e r e n c e s  were i n  t h e  e x t e n t  of precharge and i n  cer- 
t a i n  o f  t h e  d e t a i l s  i n  t h e  process,  such as temperature, 
charge rate,  etc.  
The e f f i c i e n c y  of t h i s  t reatment  can be seen by r e fe rence  
t o  Figure 37  i n  which are presented t h e  end-of-discharge 
v o l t a g e s  of ce l l s  cycled 
a f t e r  precharge of  t h e  nega t ive  p l a t e s .  It i s  seen t h a t  
t h i s  t reatment  increased t h e  c y c l e  c a p a b i l i t y  of t h e  c e l l s  
by a f a c t o r  of e i g h t ,  and t h e  cel ls  were s t i l l  cycl ing 
s a t i s f a c t o r i l y  when t h e  tests were discont inued.  
t h e  cel ls  which had been cycled t o  50% DOD a t  25°C a l s o  
exh ib i t ed  a downward t rend i n  end-of-discharge vol tage,  
t o  75% DOD a t  25°C befo re  and 
Although 
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t hey  were not  subjected t o  t h i s  a d d i t i o n a l  treatment.  
From the  res,ults observed with the  75% DOD cells,  how- 
ever,  i t  seems j u s t i f i e d  t o  assume t h a t  t h i s  treatment 
would a l s o  have bene f i t ed  these  cel ls .  
High Temperature ( 4 O O C )  Cycling: Cells were cycled t o  
25% and 50% DOD a t  40°C. 
t o  cyc l ing  without precharging t h e  nega t ive  p l a t e s ,  and 
t h e i r  cycle c a p a b i l i t i e s  were l imited.  C e l l s  cycled t o  
25% DOD were operated f o r  oply 175 cyc le s  before  they 
were removed due t o  f a l l i n g  end-of-discharge vol tages .  
Cells cycled t o  50% DOD l a s t e d  only 19 cyc le s  before  they 
were removed; t h e  end-of-discharge vo l t ages  g t  t h i s  t i m e  
were about 0.70 V. 
Cells were o r i g i n a l l y  subjected 
The c e l l s  which had been cycled t o  50% DOD were then sub- 
j e c t e d  t o  negat ive precharge. The r e s u l t s  were aga in  very 
encouraging. Af t e r  t r e a t i n g ,  t he  ce l l s  cycled t o  50% a t  
40°C f o r  about 100 cyc le s  with t h e  end-of-discharge vo l t ages  
s t a b l e  between 1.10 and 1.15 V. Typical  performance during 
. t h i s  cyc l ing  i s  shown i n  Figure 38. Following t h e s e  cycles,  
one cel l ,  a f t e r  being charged a t  6.0 A a t  40°C, was taken t o  
25°C and discharged t o  75% DOD. Cycling a t  25°C t o  75% DOD 
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was continued f o r  an a d d i t i o n a l  56 cycles ,  w i th  t h e  end- 
of-discharge vo l t age  of t h e  c e l l  being s t a b l e  between 1.07 
and 1.14 V, The c e l l  was then subjected t o  60 cyc le s  t o  
50% DOD a t  -2O"C, with t h e  end-of-discharge v o l t a g e s  i n  t h e  
range 1.10 t o  1.15 V.  It should be noted t h a t  t h e  above 
changes i n  cyc le  regime were accomplished without  i n t e r -  
r u p t i o n s  f o r  c e l l  recondi t ioning,  e t c ,  
Two groups of c e l l s  were subjected t o  nega t ive  precharge, 
and i n  both cases  t h e  cyc le  c a p a b i l i t i e s  were s i g n i f i -  
c a n t l y  increased.  Both groups of  c e l l s  w e r e  precharged i n  
e s s e n t i a l l y  t h e  s a m e  manner, although t h e r e  were minor var- 
i a t i o n s  i n  t h e  cond i t ions  under which t h e  precharge was 
accomplished. In  o rde r  t o  f u r t h e r  confirm the  improved 
performance obtained by precharging t h e  nega t ive  p l a t e s ,  and 
a l s o  t o  determine t h e  b e s t  method of accomplishing t h e  
precharge, an a d d i t i o n a l  series of tests was conducted. 
These tests are o u t l i n e d  i n  Table VIII. 
Resu l t s  of  t h e  tes ts  were as follows: 
T e s t  A: A f t e r  completing t h e  precharge, t h e  e x t e n t  of pre-  
charge accomplished w a s  determined by f u l l y  discharging t h e  
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TABLE VI11 
SUMMARY OF CELL PROCESSING EXPERIMENTS 
TEST A 
PURPOSE : Determine t h e  b e s t  technique f o r  s ta te-of-charge 
adjustment. 
SAMPLE SIZE: 9 c e l l s ;  3 per  technique. 
PROCEDURE: 1. Recondition c e l l s  by applying I n s h o r t  f o r  16 hours. 
2.  Adjust  negat ive p l a t e  s ta te-of-chagre,  using t h r e e  
techniques:  
I 
i 
a )  Flood c e l l s .  Charge a t  C/6, - 2 O o C ,  with vent  open 
b )  Charge a t  C/6, -2OoC,  wi th  vent  open f o r  16 hours. 
c )  Charge a t  C/5, 25"C, with vent  c losed.  P e r i o d i c a l l y  
vent  c e l l  u n t i l  des i r ed  A-Hr equ iva len t  of 
oxygen has been vented. 
f o r  16 hours.  Remove excess e l e c t r o l y t e .  
3 .  Determine the  amount of adjustment accomplished by 
each technique. 
TEST B 
PURPOSE : Confirm improved performance. 
SAMPLE SIZE:  4 ce l l s .  
PROCEDURE : 1. Recondition c e l l s ,  a s  i n  A - 1 .  
* i 
' 9  
i 
2. Adjust negat ive p l a t e s  using the  b e s t  technique 
of Tes t  A .  
3 .  Cycle two c e l l s  a t  each regime: 
a )  75% DOD a t  25°C 
b)  50% DOD a t  40°C 
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cells  and then observing t h e  quan t i ty  of oxygen r equ i r ed  t o  
discharge t h e  r e s i d u a l  nega t ive  capac i ty .  It was found 
t h a t  method "C" r e s u l t e d  i n  n o t  only t h e  l a r g e s t  e x t e n t  . 
of precharge, bu t  a l s o  y i e lded  t h e  most reproducible  
r e s u l t s .  This method w a s  then app l i ed  t o  t h e  ce l l s  of 
T e s t  B. 
T e s t  B: All c e l l s  were subjected t o  nega t ive  precharge, 
per  method "C". The c e l l s  were then subjected t o  cyc l ing  
a t  both 2 5 ° C  t o  75% DOD and 4 0 ° C  t o  50% DOD. These re- 
gimes were chosen f o r  t h i s  eva lua t ion  as t h e  e f f i c i e n c y  of 
t h e  t reatment  can be determined a f t e r  r e l a t i v e l y  few 
cyc le s .  The t r e a t e d  ce l l s  were operated f o r  about 100 
cyc le s  a t  both regimes, and t h e  end-of-discharge vo l t ages  
were i n  t h e  ranges observed previously,  around 1.10 V 
f o r  those a t  40°C and 50% DOD, and 1.05 V f o r  those a t  
25°C and 75% DOD. 
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3.0 CONCLUSIONS 
The r e s u l t s  presented i n  t h i s  r e p o r t  demonstrate t h a t  t he  c e l l s  devel-  
oped under t h i s  c o n t r a c t  r ep resen t  a s i g n i f i c a n t  advance i n  t h e  s t a t e -  
o f - t h e - a r t .  They have demonstrated t h e i r  a b i l i t y  t o  cyc le  under con- 
d i t i o n s  which cannot be m e t  by c e l l s  of conventional design. 
type c e l l s  have cycled f o r  prolonged per iods over t h e  e n t i r e  -20°C t o  
+40"C temperature range t o  depths-of-discharge of 50% ( t o  75% a t  25°C) 
on 90 minute o r b i t s .  
DOD regime t o  one a t  75% DOD without recondi t ioning of c e l l s .  
i n d i c a t e s  t h a t  t he  memory a f f e c t  observed i n  t h e  p a s t  has been g r e a t l y  
reduced. 
Proto- 
I n  add i t ion ,  it was poss ib l e  t o  change from a 50% 
This 
This extension i n  cyc le  c a p a b i l i t y  i s  the  r e s u l t  of two i n t e r a c t i n g  
f a c t o r s :  
of-charge of t h e  negat ive p l a t e s .  
t h e  recombination e l e c t r o d e  and t h e  adjustment of t h e  s t a t e -  
The recombination electz?ode has a s  i t s  primary func t ion  t h e  mainten- 
ance of s a f e  p re s su re  l e v e l s  within t h e  c e l l  by recombining t h e  oxygen 
generated by t h e  p o s i t i v e  p l a t e s  during charge. Tt a l s o  r e t u r n s  the  
p re s su re  t o  a low value during t h e  open c i r c u i t  and the  discharge por- 
t i o n s  of t h e  cycle .  This i n s u r e s  t h a t  t he  subsequent charge w i l l  not  
i 
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be terminated by a premature s i g n a l  from the  oxygen-sensing c o n t r o l  
e l e c t r o d e  on account of r e s i d u a l  oxygen pressure.  These e l e c t r o d e s  
possess another  f e a t u r e ,  however, which has  h e r e t o f o r e  been overlooked. 
They provide a c a t a l y s t  which can promote t h e  r e a c t i o n  between hydrogen 
and oxygen. I n  t h i s  manner, they a l s o  prevent excessive pressure 
build-up due t o  an accumulation of hydrogen i n  the ce l l .  
A s  c e l l s  can be b u i l t  wi th  a mechanism f o r  the s a f e  removal of any 
hydrogen generated,  they can be constructed wi th  a l a r g e r  percentage 
of t h e i r  excess  nega t ive  capac i ty  i n  the charged s ta te .  Cells so 
cons t ruc t ed  have only one l i m i t i n g  e l e c t r o d e ,  the p o s i t i v e ,  and so 
t h e  problems a s s o c i a t e d  with t h e  nega t ive  p l a t e s  a r e  minimized. 
J 
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4.0 RECOMMENDATIONS FOR FUTURE WORK 
While s i g n i f i c a n t  extensions in  cyc le  c a p a b i l i t y  of  cells have been 
demonstrated, t h e  f u l l  e x t e n t  of t h e  improvements achieved are n o t  
y e t  known. In  o rde r  t o  f u r t h e r  extend t h e  new technology developed 
i n  t h i s  c o n t r a c t  and t o  extend t h e  use fu lness  of a u x i l i a r y  elec- 
t rode  c e l l s ,  developments which have made t h e s e  advances p o s s i b l e  
should be i n v e s t i g a t e d  i n  more d e t a i l .  These are  the  recombination 
e l e c t r o d e  and nega t ive  p l a t e  s ta te-of-charge adjustment,  
Recombination e l e c t r o d e s  have been used f o r  some t i m e  i n  sealed 
nickel-cadmium ce l l s  i n  order  to  prevent excessive oxygen p res su re  
build-up during charge.  The l imi t ed  cyc le  c a p a b i l i t y  of c e r t a i n  of 
t h e s e  ce l l s  a t  e l eva ted  temperatures and deep discharges have some- 
t i m e s  been a s s o c i a t e d  wi th  t h e  ope ra t ion  of t h i s  e l ec t rode .  Resu l t s  
presented i n  t h i s  r e p o r t ,  however, show t h a t  cel ls  containing recom- 
b i n a t i o n  e l e c t r o d e s  are capable  of  prolonged cycl ing under these  
condi t ions,  i f  t h e  c e l l s  are cons t ruc t ed  wi th  properly ad jus t ed  neg- 
a t ive p l a t e s .  
There are, however, c e r t a i n  a s p e c t s  of t h e  ope ra t ion  of  recombina- 
t i o n  e l e c t r o d e s  which should be i n v e s t i g a t e d .  
t h e  long-term behavior and s t a b i l i t y  of  t h e  e l e c t r o d e  i t s e l f .  Any 
l o s s  i n  recombination a b i l i t y  wi th  t i m e  would r e s u l t  i n  higher  c e l l  
The f i r s ?  of t h e s e  i s  
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p ressures .  In  add i t ion ,  t h e  l o s s  of c a t a l y t i c  a c t i v i t y  would e f f e c t  
t h e  e l e c t r o d e ' s  a b i l i t y  t o  combine hydrogen and oxygen. The ex ten t ,  
i f  any, of  t h e  migrat ion of  t h e  c a t a l y t i c  agents  from t h e  e l e c t r o d e  
t o  o the r  a r e a s  of t h e  c & l l  should a l s o  be i n v e s t i g a t e d .  The e f f e c t  
of  t he  recombination e l e c t r o d e  c u r r e n t  on t h e  nicFel-cadmium c e l l  
pack should a l s o  be &valuated; ~ ' s  
While t h e  e f f e c t s  of a d j u s t i n g  t h e  s ta te-of-charge of t h e  nega t ive  
p la tes  on the  cyc le  c a p a b i l i t y  of recombination e l e c t r o d e  c e l l s  
have been shown, t h e  r e s u l t s  can only be considered as prel iminary.  
The t e s t s  were no t  of s u f f i c i e n t  du ra t ion  t o  determine t h e  f u l l  
e x t e n t  of  t he  improved cyc le  c a p a b i l i t y  obtained.  In  add i t ion ,  t he  
e x t e n t  and method of accomplishing t h e  adjustment were no t  f u l l y  
i n v e s t i g a t e d .  A study aimed a t  i n v e s t i g a t i n g  these  parameters 
should be c a r r i e d  out  i n  order  t o  optimize t h e  process and r e c e i v e  
t h e  maximum b e n e f i t  from i t .  
The p o s i t i v e  plates ,  now the  l i m i t i n g  f a c t o r  i n  c e l l  performance, 
should a l s o  be i n v e s t i g a t e d .  Work should be d i r e c t e d  a t  improving 
t h e i r  high temperature c a p a b i l i t y  e s p e c i a l l y .  In add i t ion ,  t h e  
chemistry and d i s t r i b u t i o n  of t he  e l e c t r o l y t e  should a l s o  be s c r u t i n -  
i zed .  
Tests t o  eva lua te  t h e  va r ious  parameters o u t l i n e d  above should be 
c a r r i e d  ou t  over a wide range of temperatures and cyc le  regimes. 
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S u i t a b l e  c o n t r o l s  should a l s o  be included i n  t h e  test  program. I n  
t h i s  manner a l l  t h e  f a c t o r s  a f f e c t i n g  c e l l  performance can be d e t e r -  
mined. 
The r e s u l t s  of such a comprehensive program should be a f u r t h e r  
extension i n  the  s t a t e - o f - t h e - a r t .  The cr i ter ia  f o r  bu i ld ing  
a u x i l i a r y  e l e c t r o d e  cel ls  with prolonged c y c l e  c a p a b i l i t y  would 
be  w e l l  def ined.  I n  add i t ion ,  t h e  optimum c y c l e  condition? f o r  
such cells  could be determined. The sum t o t a l  would be t o  f u r t h e r  
extend t h e  use fu lness  of  such c e l l s  f o r  s p a c e c r a f t  a p p l i c a t i o n s .  
By inc reas ing  t h e  deep c y c l e  c a p a b i l i t y  of cel ls ,  it should be 
p o s s i b l e  t o  use cel ls  with less r e s e r v e  capac i ty  and, hence, 
a t t a i n  g r e a t e r  u t i l i z a t i o n  of wa t t -h r / lb  c a p a b i l i t y .  
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5.0 NEW TECHNOLOGY 
The work done under t h i s  c o n t r a c t  has  r e s u l t e d  i n  s e v e r a l  s i g n i f i -  
can t  advances i n  t h e  s t a t e - o f - t h e - a r t .  
ments a r e :  
The s i g n i f i c a n t  new develop- 
a )  c o n t r o l  e lectrodes,  which when connected through a s u i t a b l e  
r e s i s t a n c e  t o  t h e  negat ive p l a t e ,  generate  s i g n a l s  which a r e  
approximately l i n e a r  with oxygen p res su re ;  
b )  recombination e l ec t rodes  s u i t a b l e  f o r  improving the  u t i l i t y  
of t h e  con t ro l  e l ec t rode ,  and p r o t e c t i n g  t h e  c e l l  from over- 
p re s su re  during sustained over-charge, and which a r e  operable 
over t he  temperature range of -20°C t o  +4O"C; 
c) methods f o r  bu i ld ing  cells,  incorporat ing recombination and 
c o n t r o l  e l ec t rodes ,  which possess supe r io r  cycle  c a p a b i l i t y  a t  
deep discharge and/or e levated temperatures. 
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